The effect of ischemia-reperfusion on endo thelium-dependent relaxations and reactivity of vascular smooth-muscle cells was studied in rings of basilar arter ies obtained from six dogs exposed to 12 min of complete global cerebral ischemia followed by 100 min of reperfu sion, Three sham-operated control dogs served as con trols, Ischemia was induced either by an increase in in tracranial pressure or by aortic occlusion, The rings were suspended for isometric tension recording in physiologi cal salt solution, Ischemia-reperfusion did not affect en dothelium-dependent relaxations to vasopressin and Endothelium-dependent relaxations to acetylcho line, adenosine diphosphate (ADP), calcium iono phore A23187, 5-hydroxytryptamine (5-HT), and thrombin are impaired in coronary arteries exposed to ischemia followed by reperfusion (Ku, 1982; VanBenthuysen et aI., 1987; Pearson et aI., 1990a).
The effect of ischemia-reperfusion on the reac tivity of cat pial cerebral arterioles has been studied in vivo (Mayhan et aI., 1988) . The study demon strated that 10 min of ischemia followed by reper fusion blunted cerebral microvascular relaxation to acetylcholine but not to adenosine. It was suggested that the damage of endothelium may play a role in the pathogenesis of cerebral postischemic hypoper fusion.
Vascular smooth-muscle cells appear to be resis tant to reperfusion injury, In isolated canine coro nary arteries, ischemia reperfusion does not affect relaxations of the smooth muscle to nitric oxide, sodium nitroprusside, isoproterenol, and adenosine diphosphate as well as contractions to potassium and prostaglandin F2ex (Pearson et aI., 1990a) .
The effect of ischemia-reperfusion on the reac-tivity of large cerebral arteries has not been studied. The present study was designed to determine whether responses of isolated cerebral arteries to agonists that release EDRF are impaired and to de termine whether direct relaxations and contractions of vascular smooth muscle are altered by ischemia reperfusion.
METHODS
The experiments were performed on rings (4 mm long) of basilar arteries taken from nine mongrel dogs of either sex (14-18 kg). Six dogs were anesthetized and subjected to 12 min of complete global cerebral ischemia induced either by an increase in intracranial pressure (three dogs) or by aortic occlusion followed by approximately 100 min of reperfusion (for details see Lanier et aI., 1988; Michen felder and Milde, 1990; Michenfelder et aI., 1991) . Three dogs served as sham-operated controls. The arteries were dissected and placed in modified Krebs-Ringer bicarbon ate solution (control solution; millimolar composition: NaCI, 118.3; KCI, 4.7; CaCI2, 2.5; MgS04, 1.2; KH2P04, 1.2; NaHC03, 25.0; CaEDTA, 0.026; and glucose, 11.1). Indomethacin was not added to the control solution be cause previous studies demonstrated that in canine basi lar arteries, cyclooxygenase inhibition does not affect en dothelium-dependent relaxations to vasopressin and bradykinin (Vanhoutte et aI., 1984; Katusic et aI., 1989) . In certain rings, the endothelium was removed mechani cally by gentle rubbing of the intimal surface with a stain less-steel wire (31-gauge diameter; Katusic et aI., 1984) . Each ring was connected to a force transducer (Gould UTC-2, Oxnard, CA, U.S.A.) and suspended in an organ chamber filled with 25 ml of control solution (37°C; pH 7.4), gassed with 94% O2-6% CO2, Isometric tension was continuously recorded (Hewlett-Packard 7418A, Hewlett-Packard Corp., Palo Alto, CA, U.S.A.).
The rings were allowed to stabilize at a resting tension of 200-400 mg for 1 h. Each ring was then gradually stretched to the optimal point of its length-tension curve as determined by the contraction to uridine 5' -tri phosphate (UTP; 10-5 M; Katusic et aI., 1988 Katusic et aI., , 1989 .
Drugs
The following pharmacological agents were used: 8-arginine vasopressin (Sigma, St. Louis, MO, U.S.A.), bradykinin (Sigma), 5-HT (Sigma), molsidomine (SIN-I; Cassella AG, Frankfurt, F.R.G.), papaverine hydrochlo ride (Sigma), sodium nitroprusside (Sigma), and UTP (Sigma). Drugs were dissolved in distilled water such that volumes <0.2 ml were added to the organ chamber. Con centrations of the drugs are expressed as the final molar concentration in the bath solution. Concentration response curves to vasopressin, bradykinin, sodium ni troprusside, molsidomine, papaverine, potassium chlo ride, and 5-HT were obtained in a cumulative fashion. Several rings cut from the same arteries were studied in parallel; only one concentration-response curve was made per preparation. The relaxations were expressed as a percentage of the maximal relaxations induced by pa paverine (3 x 10-4 M), whereas the contractions were expressed as a percentage of the maximal contractions to KCI (60 mM). The 50% effective concentration (EC 5 0) was calculated for each ring by linear interpolation be tween the two concentrations evoking responses just above and just below 50% of the maximum. For each series of experiments. the geometric mean and SD of the values thus obtained are reported.
Statistical analysis
The results are expressed as means ± SD; n refers to the number of rings. Statistical evaluation of the data was performed by Student's t test for paired or unpaired ob servations; p < 0.05 was considered to be statistically significant. Vasopressin (-log M) 7 fect of vasopressin was not affected by complete global ischemia followed by reperfusion ( Fig. 1) .
RESULTS

During
Similarly, endothelium-dependent relaxations to bradykinin were not affected by ischemia reperfusion induced by aortic occlusion (Fig. 2) . However, ischemia-reperfusion induced by CSF compression significantly (p < 0.05) increased the median effective dose (ED50) value for bradykinin (-log EC50 = 8.1 ± 0.3, n = 6, and -log EC50 = 7.8 ± 0.2, n = 6, for sham control and CSF compres sion ischemia-reperfusion, respectively ).
In rings without endothelium contracted with UTP (10-5 M), sodium nitroprusside (10-9 _10-4 M), molsidomine (SIN-I; 10-9 _10-4 M), and pa paverine 0 0-7 -10 -3 M) caused concentration dependent relaxations. The inhibitory effects of these compounds were not affected by ischemia reperfusion ( Table 1) .
In quiescent rings without endothelium, KCI (10-70 mM) caused concentration-dependent contrac tions. No difference was observed between the preparations obtained from control dogs and dogs exposed to ischemia-reperfusion (Fig. 3) . The reac tivity of the vascular smooth muscle to 5-HT (10-9 -10-5 M) also was not affected by ischemia reperfusion ( Table 2) .
DISCUSSION
This is the first in vitro study to examine effects of ischemia-reperfusion on endothelium-dependent relaxations in large cerebral arteries. It demon strated that 12 min of complete global cerebral isch emia followed by 100 min of reperfusion did not affect endothelium-dependent relaxations to vaso-+40 pressin and bradykinin. Except for a small but sig nificant rightward shift of EC50 to bradykinin in rings obtained from animals exposed to high intra cranial pressure, no other difference was detected between control and reperfused arteries. Direct re laxations and contractions of the vascular smooth muscle were also preserved, suggesting that in large cerebral arteries ischemia-reperfusion does not produce major damage of the vascular wall.
We examined reactivity of the basilar artery to vasopressin and brady kinin, which have been shown to produce relaxations by activation of the endothelial cells with subsequent release of EDRF (Katusic et aI., 1984 (Katusic et aI., , 1986 (Katusic et aI., , 1989 ). It appears that stimulated production and release of EDRF is intact in reperfused large cerebral arteries. The differen tial sensitivity of endothelial cells in large versus small arteries to ischemia-reperfusion can explain the difference between our observations and those reported by Mayhan et aI. (1988) .
The results of the present study also indicate that relaxations to the nitro vasodilators sodium nitro prusside and SIN-l are not affected by ischemia reperfusion. These findings indicate that the reac tivity of smooth-muscle cells to vasodilators that activate guanylate cyclase by liberating nitric oxide is intact (Ignarro and Kadowitz, 1985; . This is consistent with preserved endothelium-dependent relaxations to vasopressin and bradykinin because both inhibitory effects are mediated by the release of nitric oxide or closely related molecule from endothelial cells (Katusic et aI., 1989; Katusic et aI., 1990) . Furthermore, relax ations to papaverine were also not affected, sug gesting that smooth-muscle cells have the capability to produce and react to cyclic AMP (Needleman et The data are shown as mean ± SO (n = 6 rings obtained from three dogs).
The relaxations were expressed as a percentage of the maximal relaxation induced by papaverine (3 x 10-4 M). aI. , 1985). Thus, it appears that both cyclic GMP and cyclic AMP systems are functional in the smooth-muscle cells of the reperfused large cere bral arteries. However, it is important to notice that in a cat model of brain ischemia-reperfusion, relax ations to hypercapnia are abolished both in large and small cerebral arteries (Schmidt-Kastner et aI. , 1987) . Because relaxations to hypercapnia are not mediated by activation of endothelial cells (Toda et aI. , 1989) , it is possible that a selective loss in reac tivity of smooth-muscle cells may occur in reper fused cerebral arteries. We also tested the reactivity of smooth-muscle cells to potassium and 5-HT. VanBenthuysen et ai. (1987) demonstrated that ischemia-reperfusion may augment contractions to potassium and ergonovine (tryptaminergic agonist) in coronary arteries. In ad dition, tryptaminergic innervation may play an im portant role in neural regulation of the cerebral ar terial tone (Young et aI. , 1986) . No difference was observed in response to 5-HT between control ar teries and arteries obtained from the animals ex posed to ischemia-reperfusion. Similarly, nonre ceptor-mediated contractions to increasing concen- trations of potassium were not affected. These findings support the conclusion that in the canine model of global cerebral ischemia-reperfusion, re activity of the vascular smooth-muscle cells in large cerebral arteries is normal. This conclusion is in agreement with results obtained in vivo on cat ce rebral pial arterioles (Mayhan et aI. , 1988) . Unlike in the peripheral vasculature, large cere bral arteries contribute significantly to total cere bral vascular resistance (Heistad and Kontos, 1983; Faraci and Heistad, 1990) . Normal reactivity of the basilar artery after ischemia-reperfusion is consis tent with the concept that postischemic hypoperfu sion reflects coupling between cerebral metabolism and cerebral blood flow (Michenfelder and Milde, 1990; Michenfelder et aI. , 1991) . However, regional heterogeneity and size-dependent heterogeneity in reactivity to a variety of stimuli have been de scribed in isolated cerebral arteries (Toda and Miyazaki, 1978, 1984; Toda et aI. , 1985) . Further studies are needed to determine whether localized changes in cerebral blood flow or selective loss of the reactivity to certain stimuli may occur because of reperfusion-induced vascular injury. 
